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Abstract 


, ..  .tied 

Heat  acclimatization  was  induced  in  a group  of  healthy  young  by 
walking  on  a treadmill  (5.6  km  ^ hr  ^ 49  C/27  C dry/wet  bulb,  90 

min  • day  , 7 days),  and  confirmed  by  recording  significantly  reduced 

' \in, 


final  rectal  temperatures  and  heart  rates  on  the 


^aMen4a>^d 


lay  of  exercise  in 


the  heat.  A^ileeond^ group,  paired  for  maximal  0^  consumption  and  body 
weight,  remained  sedentary  under  identical  'environmentat/  conditions. 
After  correcting  for  minor  changes  in  hematocrit,  both^'the  sedentary  and 
exercising '^groups  demonstrated  significant  reductions  in  plasma  cortisol 
on  the  control  day^^ndicating  a strong  anticipatory  response.  Beat 
exposure  reduced  plasma  cortisol  levels  in  the  sedentary  men,  but  the  mild 
exercise  program  neutralized  these  effects  in  the  exercising  group.  Pat- 
terns of  alteration  of  growth  hormone  indicated  a significant  response  even 
to  the  mild  exercise  program  described  here,  while  heat  stress,  pre-  and 

post-acclimatization,  seemed  to  have  no  effect  upon  plasma  levels.  Plasma 

n 

total  levels  demonstrated  several  randomized  changes  which,  however, 
did  not  reflect  decreased  output  under  the  environmental  conditions  de- 
scribed here  for  either  the  walking  or  sedentary  group.  The  mild  exercise 
program  elicited  significantly  reduced  levels  of  plasma  insulin  which  were 
not  affected  by  the  recurrent  heat  exposure,  ^^^nerally^while  'th^^ecur- 
renk  heat  exposure  effected  hormonal  responses  among  both  exercising  and 
sedentary  groups,  these  alterations  were  not  correlated  with  the  process  of 
heat  acclimatization. 


Key  Words:  Heat  acclimatization,  cortisol,  growth  hormone, 
thyroxin,  insulin 
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Although  the  physiological  responses  to  heat  acclimatization  have 
been  long  known  and  reviewed  in  several  reports  (1-3),  relatively  few 
investigations  have  addressed  the  hormonal  changes  which  may  be  associated 
with  or  even  necessary  for  this  process  to  occur.  Several  earlier 
experiments  were  concerned  with  adrenocortical  activation  induced  by  acute 
exposure  to  thermal  stress  (4,  5),  and  Collins  and  Weiner (6)  have  reviewed 
data  indicating  generally  reduced  thyroid  activity,  equivocal  adrenocorti- 
cal involvement,  and  increased  aldosterone  and  antidiuretic  hormone  secre- 
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tion.  With  the  advent  of  sensitive  radioimmunoassays  for  constituents 

\ 

present  in  extremely  small  concentrations,  it  became  possible  to  quantify 
additional  hormones  and  neuroendocrines.  For  example,  it  was  demonstrated 
that  acute  exposure  to  heat  stress  effected  increases  in  plasma  levels  of 
growth  hormone  and  luteinizing  hormone  (7) , decreases  in  thyroid  stimulat- 
ing hormone  with  concurrent  increases  in  prolactin  (8) , and  increases  in 
urinary  excretion  of  histamine  and  thyroxine  (9).  However,  nearly  all  of 
these  reports  described  responses  to  acute  heat  exposure  only.  In  the 
present  studies  we  were  primarily  interested  in  the  endocrinological 
responses  occurring  among  humans  during  the  process  of  heat  acclimatiza- 
tion, particularly  to  determine  whether  any  of  these  responses  might  be 
associated  with  the  actual  mechanism  of  acclimatization. 

For  example,  Okada  et  al.  (10)  have  demonstrated  the  inability  of  a 
heat-intolerant  subject  to  respond  to  acute  heat  exposure  with  incremented 
growth  hormone  production,  while  remaining  members  of  the  experimental 
group  increased  plasma  levels.  It  is  unknown,  however,  whether  the  normal 
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response  of  human  growth  hormone  or  other  neuroendocrines  to  acute  heat 
exposure  is  related  to  the  generalized  stress  response,  to  increased 
metabolic  requirements,  or  possibly  to  fluid  and  electrolyte  balance. 
Likewise,  it  is  unknown  whether  the  susceptibility  of  certain  individuals 
to  heat-induced  disorders  might  be  related  to  an  attenuated  neuroendocrin- 
ological response  to  the  heat.  Few,  if  any,  investigations  have  addressed 
the  potential  relationships  between  the  mechanisms  of  heat  acclimatization 
and  endocrinological  response.  Thus,  we  have  designed  the  present  experi- 
ments to  relate.  If  possible,  secretory  rates,  as  manifested  in  plasma 
levels  of  several  constituents,  to  the  process  of  acclimatization  to  work 
in  the  heat. 

METHODS 

Eight  healthy  men  were  fully  apprised  of  the  protocol  of  this  study, 
and  served  voluntarily  for  the  duration  of  these  experiments.  Initially, 
they  were  divided  into  two  groups  based  upon  physical  fitness  and  body 
tmights.  Levels  of  fitness  were  estimated  by  measuring  the  maximal  oxygen 
uptake  (^2  while  running  on  a motoedriven  treadmill  by  the  conven- 
tional Douglas  bag  technique  (11) . The  two  groups,  one  of  which  %fOuld 
later  walk  in  the  heat  (exercise)  idiile  the  second  remained  inactive 
(sedentary),  had  mean  values  of  53.4  ± 1.2  ml- kg“^.  min“^  and 
53.0J:i3.5  ml-kg"^»  min“^,  respectively.  The  mean  age,  height,  and  weight 
(tS.B.H.)  of  the  8 men  were  20.3  ± 1 yr.,  175  ± 2 cm,  and  72.7  t 4 kg. 


Prior  to  the  start  of  recurrent  heat  exposure  the  exercising  group 
walked  on  a treadmill  in  a large  environmental  chamber  for  90  rain  per  day 
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for  8 days  to  achieve  stable  heart  rates  and  rectal  teir.pecaturcs  as  well  as 
neuroendocrinological  measures.  During  this  stabilization  period  chamber 
temperature  was  maintained  at  21°C/10°C  dry/wet  bulb  and  the  treadmill 
speed  was  constant  at  5.6  km*  hr  The  sedentary  group  remained  under 
identical  environmental  conditions  in  the  same  chamber,  sitting  upright  on 
canvas-backed  lounge  chairs.  On  the  final  control  day  (day  8) 
brachiovcnous  catheters  were  inserted  approximately  one  hour  before  the 
start  of  the  experiment  for  serial  blood  sampling.  The  catheters  were  kept 
patent  by  flushing  at  15-min  intervals  with  1 ml  of  sterile  heparinized 
saline  (1  U.S.P.  unit*  ml  ^).  Prior  to  the  start  of  exercise  in  the  chamber 
(time  0)  and  subsequently,  at  times  20,  45,  and  90  min,  20  ml  of  blood  were 
removed  for  biochemical  analyses.  The  blood  was  brought  to  the  laboratory 
where  hematocrits  were  performed  immediately.  The  plasma  was  then 
separated  (7000  x g,  4^C)  and  frozen  (-30^0  for  subsequent  analysis. 

After  completion  of  the  8-day  stabilization  period  both  exercise  and 
sedentary  groups  were  exposed  to  ambient  conditions  reported  to  effect  heat 
acclimatization  when  combined  with  a mild  exercise  program  (12) . The 
temperature  in  the  chamber  was  raised  to  49**C/27^C  dry/wet  bulb;  treadmill 
(5.6  km*hr  and  wind  (3.3  km*hr  ^)  speeds  as  well  as  length  of  exposure 
(90  min)  were  identical  to  those  of  the  control  period.  On  days  1 and  7 of 
heat  exposure  brachiovenous  catheters  were  reintroduced.  Heart  rates  were 
monitored  electrocardiographically  and  rectal  temperatures  were  measured 
by  indwelling  (7.5  cm)  thermistors.  Copper-constantan  thermocouples  af- 
fixed to  the  chest,  medial  forearm  region,  and  mid-calf  were  used  to 
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calculate  mean-weighted  skin  temperatures  although  these  data  are  not 
presented  here.  Nude  weights  were  recorded  immediately  before  and  after  " 
each  exposure;  during  the  90-min  heat  stress  the  exercising  men  received 
250  ml  each  of  tap  water  at  20,  40,  60,  and  80  min,  while  subjects  remaining 
sedentary  received  175  ml  at  the  same  intervals,  based  on  anticipated 
losses.  Both  groups  of  men  were  clad  in  shorts,  wool  socks,  and  athletic 
shoes  during  all  cheunber  exposures.  Test  subjects  remained  under  control- 
led dormitory  conditions  during  non-experimental  periods  and  were  permit- 
ted only  minimal  additional  ph>sical  activity.  Standardized  sleep-wake- 
fulness conditions,  dietary  intake,  and  recreational  activities  were  im- 
posed upon  the  men  for  the  duration  of  the  experiment. 

Radioimmunoassays  were  performed  on  the  plasma  constituents  according 
to  the  following  techniques t insulin  by  the  method  of  Yalow  and  Berson 
(13),  growth  hormone  after  Schalch  and  Parker  (14),  cortisol  after  Ruder  et 
al.  (15),  and  the  method  of  Murphy  and  Jachan  (16)  for  total  thyroxine. 
Results  were  corrected  for  small  changes  in  hematocrit  ratios  by  using  the 
time  O values  (i.e.  prior  to  heat  exposure)  as  reference  standards. 
Multiple  analyses  of  variance  were  performed,  and,  where  appropriate, 
statistical  significance  was  established  by  the  paired  and  non-paired  t 
test.  The  null  hypothesis  was  rejected  at  p-<.05. 

RESULTS 

The  mild  intermittent  exercise  regimen  imposed  upon  the  walking  group 
was  effective  in  inducing  heat  acclimatization;  this  was  reflected  in 
significant  reductions  in  final  Tre  on  day  7 when  compared  to  those  of  day 
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exercising  group  were  signif icanbly  higher  than  those  of  the  sedentary 
(p<.05). 

Growth  hormone  data  are  depicted  in  Fig.  2,  and  the  results  indicate 
large  interindividual  variability  with  respect  to  the  mild  exercise  pro- 
gram as  well  as  the  heat  exposure.  If  one  exeunines  the  data  closely,  there 
occurred  a narked  response  to  exercise  culminating  in  a significant  mean 
increase  (p<’.05;  0 vs  90  min)  on  the  control  day.  Likewise,  at  the  same 
time  interval  there  %#as  a significant  increment  in  plasma  levels  of  the 
walking  group  %fhen  conqpared  with  those  of  the  sedentary  (p<;.001).  How- 
ever, the  in^KMition  of  the  heat  stress  did  not  significantly  affect  levels 
of  growth  hormone  in  either  group.  Among  exercising  men  there  was  an 
attenuation  of  the  growth  hormone  response  to  exercise  on  the  first  day  of 
heat  exposure  udiich  continued  through  the  final  day  (e.g.  day  1 vs  dajj  7 90 
min,  p<'.05,  one-tailed). 

Fig.  3 illustrates  the  effects  of  temperature  and  exercise  on  plasma 
levels  of  total  T^.  Hhile  there  was  an  effect  of  exercise  on  the  first  day 
of  heat  exposure  (0  vs  90,  p<'.001),  this  effect  had  disappeaured  on  the 
final  heat  day.  Likewise,  a significant  (p<0.02)  decrease  (0  vs  90)  on  the 
control  day  among  sedentary  Individuals  may  be  part  of  a non-specific 
relaxation  response. 

Data  for  plasma  insulin  (Pig.  4)  demonstrate  generally  reduced  levels 
^ as  a result  of  the  mild  exercise  regimen.  These  reductions,  while 
) seemingly  apparent  on  all  three  days,  actually  achieved  maximal  signifi- 
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I cance  on  the  first  heat  day  at  all  three  sampling  times  after  heat  exposure 
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1 (38.25°Ci:  .12  vs  38.50°Ci:  .09,  p ^.05)  vdth  analogous  results  for  heart 
rates  (130. 0-^;  8.9  vs  143. 3-i:  7.5,  p<'.025).  Sweat  rate  among  walkers 
increased  from  1.59  t. 23  kg  to  1.73  i:  .08  kg.  All  three  parameters, 
commonly  used  to  assess  acclimatization  levels,  were  unchanged  between 
days  1 and  7 of  heat  exposure  in  the  sedentary  group.  The  relatively 
small,  but  significant,  changes  in  the  exercising  group  probably  reflect 
residual  summer  acclimatization  as  these  experiments  were  run  in  late 
October,  early  November. 

Fig.  1 demonstrates  Interesting  data  relating  to  the  adrenocortical 
response  to  recurrent  exercise  and  heat  exposure.  Initially,  if  one 
examines  the  data  for  the  control  day  (left  side),  there  occu.'.’ed  a 
significant  decrease  between  the  time  0 values  and  those  at  times  20,  45, 
and  90  for  the  exercising  group  (p.<r.025,  minimal  significance).  Despite 
less  consistency  among  the  sedentary  group  there  again  occurred  a signifi- 
cant decrement  (p<0.05,  0 vs  90)  in  mean  plasma  levels  of  cortisol.  When 
heat  stress  is  introduced,  marked  differences  between  the  exercising  and 
sedentary  groups  emerged.  That  passive  heat  exposure  led  to  a reduction  in 
plasma  cortisol  levels  was  reflected  in  the  consistent  and  significant 
decreases  in  plasma  concentrations  on  both  days  1 and  7 after  20,  45,  and 
90  min  of  heat  exposure  (e.g.  day  7,  0 vs  45  min,  p<:001).  Alternatively, 
the  mild  exercise  program  Imposed  upon  the  walking  group  appeared  to 
neutralize  the  repressive  effects  of  heat  exposure,  and  no  significant 
differences  were  observed  at  any  time  intervals  on  day  1 or  7.  For 
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example,  at  45  and  90  minutes  on  the  first  heat  day  values  for  the 
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(P<’»05,  minimal  significance).  Among  the  sedentary  group  there  were  no 
significant  changes  at  any  of  the  time  intervals  selected  on  each  of  the 
three  experimental  days  although  heat  exposure  appeared  to  reduce  levels  in 
one  individual  on  both  days  1 and  7 of  heat.  Similarly,  there  were  no 
significant  inter-group  differences  in  plasma  insulin  levels  between  the 
exercising  and  sedentary  groups. 

DISCUSSION 

The  extent  of  adrenal  glucocorticoid  secretion  during  heat  stress  in 
man  has  remained  in  question  due  to  inadequate  quantitative  analyses, 
altered  hepatic  and  renal  clearance  rates,  the  imposition  of  the  added 
stress  of  work  in  the  heat,  acclimatization  level,  humidity,  test  protocol, 
and  the  degree  of  hyperthermia  incurred.  Several  groups  of  workers  have 
hypothesized  that  since  exposure  to  high  environmental  temperatures  de** 
creases  the  need  for  active  thermogenesis,  reductions  may  occur  in  the 
activity  of  the  hypophyseal-thyroidal-adrenal  axis  (17,  18).  However, 
Collins  et  al.  (4)  presented  data  which  indicated  that  although  levels  of 
plasma  cortisol  were  suppressed  during  the  first  60  min  of  exposure  to  46°C 
dry  bulb,  36°C  wet  bulb,  these  values  returned  to  normal  by  90  min  and  were 
significantly  elevated  by  120  min.  They  hypothesized  that  levels  Increased 
after  a critical  rectal  temperature  (38.3^C)  was  achieved.  Generally,  the 
results  of  the  present  study  seem  to  support  this  hypothesis  with  signifi- 
cant decreases  up  to  45  min  of  heat  exposure,  and  an  apparent  stabilization 
thereafter  for  both  sedentary  and  exercising  individuals.  However,  in 
terms  of  the  heat  acclimatization  process,  patterns  of  plasma  cortisol 
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concentrations  are  remarkably  similar  on  both  days  1 and  7 of  heat 
exposure,  probably  negating  a potential  role  in  the  regulation  of  plasma 
volume  and  sodium  retention. 

The  data  present  other  interesting  aspects  related  to  plasma  cortisol 
levels.  For  example,  on  the  control  day  there  were  significant  decreases 
from  time  0 values  in  both  the  exercising  and  sedentary  groups.  Since  no 
environmental  stress  had  been  imposed  on  this  day,  the  relatively  high  time 
0 levels  (X  « 11.9  ug%,  exercising  and  11.1  ug%,  sedentary)  would  neces- 
sarily be  attributable  to  the  effects  of  catheterization  and  the  novelty  of 
the  experimental  situation,  and  the  ensuing  trend  toward  reduced  levels 
could  be  explained  by  increasing  familiarity  and  reduced  anxiety.  Several 
previous  reports  described  high  initial  values  of  plasma  cortisol  trhich 
remained  relatively  stable  even  when  additional  stressors  were  inqposed 
(19,  20);  we  later  demonstrated  (21)  that  exposure  for  7 hours  to  a hot, 
wet  environment  with  attendant  mental  fatigue  evoked  marked  increases  in 
plasma  cortisol  despite  high  initial  levels. 

The  mild  level  of  exercise  imposed  in  this  study  trould  not  be  expected 

to  elicit  an  adrenocortical  response.  For  example.  Hartley  and  his  co- 

workers  (22)  demonstrated  an  adrenocortical  response  to  graded  exercise 

only  at  work  loads  of  98%  of  with  no  decrease  in  response  after 

2 max 

physical  training  (23).  Nonetheless,  the  present  data,  particularly  those 
of  the  first  day  of  mild  exercise  in  combination  with  severe  heat  stress, 
demonstrated  that  the  combined  regimen  prevented  the  decrements  occurring 
among  sedentary  men,  and  this  resulted  in  significant  differences  between 
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the  two  groups  at  45  and  90  min. 

Hartley  et  al.  (22,  23)  demonstrated  a greater  response  of  plasma 
growth  hormone  to  moderate  than  heavy  physical  exercise.  In  the  present 
experiments  even  the  mild  exercise  of  the  control  day  induced  a significant 
increase  in  growth  hormone  levels  after  90  minutes.  Although  the  ambient 
conditions  in  this  study  were  similar  to  those  used  by  Okada  et  al.  (10) , 
we  were  unable  to  observe  significant  increases  among  sedentary  individu- 
als in  plasma  levels  of  growth  hormone.  However,  it  should  be  noted  that 
in  several  experiments  utilizing  animals  the  stress  of  a novel  environment 
(24)  or  acute  heat  exposure  (8)  not  only  failed  to  induce  increases  in 
plasma  growth  hormone  levels,  but  significant  decrements  were  observed. 
Results  of  the  present  experiments  confirmed  the  greater  sensitivity  of 
human  growth  hormone  secretion  to  even  mild  exercise  when  compared  to 
severe  heat  stress. 

Although  Collins  and  Weiner  (6)  reviewed  data  suggesting  decreased 
thyroidal  activity  and  oxygen  consumption  concurrent  with  heat  exposure, 
moat  of  the  studies  were  done  with  animals  and  those  involving  humans  were 
directed  toward  long-term  exposures  and  natural  acclimatization.  The 
intermittent  hyperthyreosis  described  by  Sulman  et  al.  (9),  which  was 
characterized  by  extremely  high  excretion  rates  of  and  a n^rlad  of 
physiological  disturbances,  seemed  to  be  exacerbated  by  heat  stress  (28  - 
40°C) , but  only  in  individuals  with  prodromal  thyroid  disorders.  Yoshimura 
et  al.  (25)  postulated  that  the  seasonal  variation  of  basal  metabolic  rate 
among  Japanese  may  be  related  to  decreased  thyroid  activity  during  the 
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|l^  suaTier  season.  Data  from  the  present  experiments  confirmed  minimal  thyroid 

involvement  during  acute  exposure  to  recurrent  heat  stress.  In  fact,  the 

significant  decrease  among  sedentary  individuals  on  the  control  day  (90 

min)  and  on  the  first  heat  day  (20  min)  probably  are  more  reflective  of  the 

quiescent  metabolic  state  and  low  0^  consumption.  On  the  first  day  of  heat 

exposure  there  did  occur  a significant (p-r.OOl)  increase  in  total  T.  (0  vs 

4 

90  min) ) however,  the  mild  exercise  levels  imposed  upon  these  test 
subjects  was  evidently  not  sufficient  to  elicit  consistently  significant 
increases  in  plasma  thyroxin  at  any  other  sampling  times. 

Although  the  response  of  plasma  insulin  levels  to  physical  exercise 
and  physical  conditioning  have  been  well  established  (22,  23,  26).  to  the 
best  of  our  knowledge  no  research  has  addressed  the  potential  role  of 
insulin  in  the  heat  acclimatization  process.  In  the  present  study,  we 
have  found  that  recurrent  heat  exposure  among  the  sedentary  group  had  no 
effect  on  levels  of  plasma  insulin.  The  mild  exercise  regimen  signifi- 
cantly reduced  plasma  insulin  levels  at  each  sampling  time  on  the  first 
heat  day  while  on  the  final  heat  day  an  extremely  high  time  0 value  in  one 
test  subject  led  to  variances  so  high  as  to  preclude  significance. 
However,  generally,  the  data  can  be  interpreted  as  reflective  of  no 
significant  changes  in  the  insulin  response  to  recurrent  exercise  in  the 
■ heat. 

I We  concluded  from  these  studies  that  the  combination  of  mild  exercise 

and  heat  exposure  in  the  case  of  the  exercising  group  and  passive 
recurrent  heat  exposure  in  the  case  of  the  sedentary  group  did  elicit 
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significant  responses  in  plasma  hormone  levels.  However,  if  one  examines 
closely  the  hormonal  responses  on  day  1 (pre-acclimatization)  and  com- 
pares these  with  the  alterations  occurring  on  day  7 (post-acclimatiza- 
tion) , one  must  also  conclude  that  the  patterns  of  response  ace  quite 
similar  on  both  days.  While  we  are  aware  that  plasma  levels  are  dependent 
not  only  upon  secretory  rate  but  also  upon  blood  flow  distribution, 
hepatic  metabolic  cate,  renal  clearance  rate,  and  target-organ  uptake,  we 
felt  that  serial  sampling  at  relatively  brief  intervals  would  be  adequate 
to  detect  changes  in  glandular  activity.  Actually,  tliis  was  manifested  in 
the  changes  noted  in  the  case  of  several  hormones  when  serial  samples  were 
examined.  Overall,  the  patterns  of  hormone  response  indicated  relatively 
little  or  no  involvement  of  these  hormones  in  the  acclimatization  process. 
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Fi9ure  Legend 

Effects  of  heat  {49°C/27°C  dry/wet  bulb)  and  work  (treadnill, 
5.6  km/hr,  1.5  hr)  on  the  plasma  cortisol  response  of  both  the  exercising 
(upper)  and  sedentary  (lower)  groups.  The  left  panels  display  data  for 
the  control  day,  (21°C/10°C  dry/wet  bulb),  center  for  day  1 of  heat 
exposure,  and  right  panels  for  day  7.  Time  0 values  refer  to  samples 
taken  immediately  prior  to  entrance  into  the  chamber.  Individual  data  for 
four  men  in  each  group  are  presented. 

^ Effects  of  heat  and  work  on  plasma  growth  hormone  response 
for  the  exercising  and  sedentary  groups.  All  conditions  are  identical  to 
those  in  Pig  1. 

3 Effects  of  heat  and  work  on  plasma  total  T^  concentrations  in 
exercising  and  sedentary  men.  All  conditions  are  the  same  as  those  in  Pig 
' 1. 

^ Effects  of  heat  and  work  on  plasma  insulin  response  in 
exercising  and  sedentary  men.  Por  conditions,  see  Pig  1. 
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